Salivary gland inflammation and dysfunction are serious clinical problems that affect millions of people whose quality of life is severely impacted because of dry mouth, periodontitis, oral bacterial and yeast infections, and speech problems (1). Major causes of salivary gland degeneration leading to hyposalivation in humans are the autoimmune inflammatory disease Sjögren's syndrome (SS) 2 and the unintended side effects of radiotherapies for head and neck cancers (1). A hallmark of salivary gland inflammation in SS is mononuclear cell infiltration, mainly T and B lymphocytes, dendritic cells and macrophages, which produce proinflammatory cytokines and chemokines and ultimately promote salivary gland degeneration in addition to extraglandular manifestations including skin vasculitis, glomerulonephritis, peripheral neuropathy, and malignant lymphomas (2, 3). There is increasing evidence that salivary gland epithelial cells contribute to immunological responses associated with salivary gland inflammation (4, 5). Hence, understanding the mechanism of initiation of inflammatory events in salivary epithelium is crucial to developing more effective and localized treatments for salivary gland disorders than are currently available. To date, relatively ineffective therapies for salivary hypofunction include stimulation of salivary flow in residual salivary acinar cells of SS patients using muscarinic receptor agonists (e.g. pilocarpine or cevimeline), oral administration of anti-inflammatory agents (e.g. interferon-␣), and utilization of artificial saliva (6).
Salivary gland inflammation is a hallmark of Sjögren's syndrome (SS)
(HSP90), a protein required for the activation and stabilization of the NLRP3 inflammasome. Also, using the reactive oxygen species (ROS) scavengers N-acetyl cysteine and Mito-TEMPO, we determined that mitochondrial reactive oxygen species are required for P2X7R-mediated IL-1␤ release. Lastly, in vivo administration of the P2X7R antagonist A438079 in the CD28 ؊/؊ , IFN␥ ؊/؊ , NOD.H-2 h4 mouse model of salivary gland exocrinopathy ameliorated salivary gland inflammation and enhanced carbachol-induced saliva secretion. These findings demonstrate that P2X7R antagonism in vivo represents a promising therapeutic strategy to limit salivary gland inflammation and improve secretory function.
Salivary gland inflammation and dysfunction are serious clinical problems that affect millions of people whose quality of life is severely impacted because of dry mouth, periodontitis, oral bacterial and yeast infections, and speech problems (1) . Major causes of salivary gland degeneration leading to hyposalivation in humans are the autoimmune inflammatory disease Sjögren's syndrome (SS) 2 and the unintended side effects of radiotherapies for head and neck cancers (1) . A hallmark of salivary gland inflammation in SS is mononuclear cell infiltration, mainly T and B lymphocytes, dendritic cells and macrophages, which produce proinflammatory cytokines and chemokines and ultimately promote salivary gland degeneration in addition to extraglandular manifestations including skin vasculitis, glomerulonephritis, peripheral neuropathy, and malignant lymphomas (2, 3) . There is increasing evidence that salivary gland epithelial cells contribute to immunological responses associated with salivary gland inflammation (4, 5) . Hence, understanding the mechanism of initiation of inflammatory events in salivary epithelium is crucial to developing more effective and localized treatments for salivary gland disorders than are currently available. To date, relatively ineffective therapies for salivary hypofunction include stimulation of salivary flow in residual salivary acinar cells of SS patients using muscarinic receptor agonists (e.g. pilocarpine or cevimeline), oral administration of anti-inflammatory agents (e.g. interferon-␣), and utilization of artificial saliva (6) .
In addition to its role as a source of energy in intracellular metabolism and signaling, ATP is well-established as an extracellular signaling molecule that regulates various physiological processes, including immune cell recruitment, neurotransmission, and pain perception (7) (8) (9) (10) . Under normal conditions, the levels of extracellular ATP (eATP) are tightly regulated by ecto-ATPases, however, in the microenvironment of injured, inflamed, or stressed cells, eATP is known to be present at high concentrations (11) . Extracellular ATP is the natural agonist for most members of the purinergic receptor family, which includes the ionotropic P2X (P2X1-7) and the G protein-coupled P2Y (P2Y 1, 2, 4, 6, [11] [12] [13] [14] receptors (12) . The P2X7 receptor (P2X7R) is of particular interest as its activation is linked to a number of inflammatory diseases, e.g. glomerulonephritis, neuroinflammation, and rheumatoid arthritis (13) (14) (15) (16) . P2X7R is widely expressed in hematopoietic cells, neurons, glial cells, osteoblasts, endothelial cells, and epithelial cells (12) . Brief stimulation of the ionotropic P2X7R with ATP causes plasma membrane depolarization because of Na ϩ , Ca 2ϩ , and K ϩ flux down their electrochemical gradients (12, 17) . Sustained activation of the P2X7R by high ATP concentrations in some cell types, including macrophages, astrocytes, and epithelial cells, can lead to the increased permeability of hydrophilic molecules up to 900 Da (18) , membrane blebbing (19, 20) , reactive oxygen species (ROS) production, and intracellular nucleotide release resulting in cell death (12) . P2X7R activation plays a key role in the maturation and release of the leaderless proinflammatory cytokine IL-1␤ in immune cells by inducing the oligomerization of the multiprotein complex NLRP3-type inflammasome (21, 22) . Notably, IL-1␤ and the components of the NLRP3 inflammasome, including a scaffold NOD-like receptor (NLR) protein, NLR family pyrin domain containing protein 3 (NLRP3), apoptosis-associated specklike protein containing a CARD (ASC), and pro-caspase-1 (22) , along with P2X7Rs, are up-regulated in salivary gland biopsies from SS patients, as compared with normal controls (23) . Although widely studied in immune cells, P2X7R-mediated NLRP3 inflammasome activation in salivary epithelial cells has not been investigated.
P2X7Rs are highly expressed in salivary epithelium (19, 24) and have been implicated in the regulation of ATP-induced saliva secretion, probably through calcium influx (25) , but their role in salivary gland inflammation is not well-understood. Our previous studies showed that P2X7R activation by ATP induces inflammatory responses, e.g. increases in caspase-1 activity and membrane blebbing, in freshly prepared mouse submandibular gland (SMG) cells from wild-type mice, but not from P2X7R-deficient (P2X7R Ϫ/Ϫ ) mice (19) . In addition, duct ligation after ATP perfusion in wild-type mouse SMG increases lymphocytic infiltration, a response that is absent in P2X7R Ϫ/Ϫ mouse SMG (19) . Studies have shown that P2X7R Ϫ/Ϫ mice exhibit reduced lung inflammation and neuropathic pain as compared with wild-type mice (26, 27) and systemic administration of selective P2X7R antagonists, e.g. A438079, attenuates inflammatory responses in rodent models of lung inflammation, nephritis, nociception, and intracerebral hemorrhage (28 -31) . Taken together, the P2X7R represents a novel therapeutic target for reducing inflammation (15, 32) as further indicated by previous phase I and II clinical trials with P2X7R antagonists for treatment of rheumatoid arthritis and spinal cord injury (33, 34) . To date, there have been no clinical studies investigating the P2X7R as a therapeutic target to prevent salivary gland inflammation.
Here, we demonstrate for the first time in salivary gland epithelial cells that P2X7R activation promotes NLRP3 inflammasome activation and assembly and IL-1␤ release through a mechanism involving transmembrane Na ϩ and K ϩ flux, ROS production, and heat shock protein 90 (HSP90) function. Moreover, our in vivo results show that administration of the P2X7R antagonist, A438079, in the CD28
NOD.H-2 h4 mouse model of autoimmune exocrinopathy (35) , reduced salivary gland lymphocytic infiltrates and enhanced saliva secretion, suggesting that antagonism of the P2X7R is a promising approach to prevent salivary gland inflammation and associated hyposalivation in the autoimmune disease SS.
Results
P2X7R activation induces the release of IL-1␤ in primary SMG epithelial cell aggregates from wild-type, but not P2X7R ؊/؊ , mice Activation of the P2X7R in immune cells is well-known to play a role in the maturation and release of the proinflammatory cytokine IL-1␤ (21, 36, 37) . We have previously shown that P2X7R activation in primary mouse SMG epithelial cell aggregates increases the activity of caspase-1, the protease responsible for IL-1␤ processing (19) ; however, it is unclear how P2X7R activation in salivary glands regulates IL-1␤ maturation and release. Here, we show that IL-1␤ release is significantly increased in wild-type primary SMG cell aggregates (97-99% epithelial cells) (supplemental Fig. S1A ) stimulated with ATP (3 mM), as compared with untreated controls (Fig. 1A) . This response is abolished by pretreating aggregates with the P2X7R antagonist A438079 (25 M), whereas IL-1␤ release induced by the K ϩ ionophore nigericin (10 M) is unaffected (Fig. 1A) . Moreover, ATP-induced IL-1␤ release is absent in SMG cell aggregates from P2X7R Ϫ/Ϫ mice (Fig. 1B) . To further validate that SMG epithelial cells are the source of IL-1␤, rather than immune cells contaminating the SMG cell preparations, epithelial cell purity was enriched using the magnetic bead-based EasySep Mouse Epithelial Cell Enrichment Kit to remove hematopoietic and endothelial cells and fibroblasts. ATP-induced IL-1␤ release was equally robust in the enriched SMG epithelial cells (supplemental Fig. S1B ) and the standard SMG cell preparations (Fig. 1A) , suggesting that SMG epithelial cells are the primary source of ATP-induced IL-1␤ release in our in vitro experiments.
NLRP3 inflammasome activation is required for P2X7R-mediated IL-1␤ release in primary SMG epithelial cell aggregates
Activation of the multiprotein complex NLRP3 inflammasome is responsible for the maturation and release of the proinflammatory cytokine IL-1␤ in a variety of cell types, including intestinal epithelial cells, monocytes, and macrophages (22, 38, 39) . To investigate whether NLRP3 inflammasome activation is required for P2X7R-mediated IL-1␤ release in salivary epithelium, primary SMG cell aggregates from wild-type mice were pretreated with the selective NLRP3 inflammasome inhibitors MCC-950 (10 M) (40) or Bay 11-7082 (15 M) (41) and then stimulated with ATP (3 mM).
Results show that inhibition of NLRP3 inflammasome activity abolishes ATP-induced IL-1␤ release ( Fig. 2A) . Furthermore, immunoprecipitation of NLRP3 was used to demonstrate that ATP (3 mM) potentiates coprecipitation of ASC and procaspase-1 proteins, components of the NLRP3 inflammasome, in SMG cell aggregates from wild-type but not P2X7R Ϫ/Ϫ mice (Fig. 2B) . These results indicate that P2X7R-mediated IL-1␤
Role of P2X7R in salivary gland inflammation Ϫ/Ϫ mice were incubated with ATP (3 mM) or nigericin (10 M) for 90 min (n ϭ 3). Cells were collected by centrifugation and IL-1␤ was quantified in the supernatant using the IL-1␤ Quantikine ELISA kit. Data represent means Ϯ S.E., where **, p Ͻ 0.01 indicates a significant increase over basal levels, and ## , p Ͻ 0.01 indicates a significant decrease compared with ATP-treated cells.
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release in salivary epithelial cells is mediated by activation and assembly of the NLRP3 inflammasome.
Ionic dependence of P2X7R-mediated IL-1␤ release in primary SMG epithelial cell aggregates
P2X7R is an ATP-gated nonselective cation channel whose stimulation induces the efflux of K ϩ and influx of Na ϩ and Ca 2ϩ ions (12, 17) . K ϩ efflux and Na ϩ influx are necessary for the activation of the NLRP3 inflammasome complex in immune cells (42, 43) . Therefore, we sought to evaluate the role of transmembrane ion flux in ATP-induced IL-1␤ release in salivary epithelial cells. K ϩ efflux is a necessary response in immune cells to various NLRP3 inflammasome activators, including ATP, monosodium urate crystals, and bacterial lipopolysaccharide (43-45). As mentioned above, the H ϩ /K ϩ ionophore nigericin induces IL-1␤ release in primary SMG cell aggregates from wild-type and P2X7R Ϫ/Ϫ mice ( Fig. 1 ), suggesting that K ϩ efflux is required for inflammasome activation in salivary epithelium. To determine whether ATP treatment perturbs intracellular K ϩ homeostasis in salivary epithelial cells, primary SMG cell aggregates from wild-type and P2X7R
Ϫ/Ϫ mice were treated with ATP (3 mM) and the intracellular [K ϩ ] was quantified with an inductively coupled plasma optical emission spectrometer (ICP-OES). ATP induced a significant decrease in the intracellular [K ϩ ] after 10 and 30 min, a response that was absent in P2X7R
Ϫ/Ϫ SMG cell aggregates ( (Fig. 3B ), indicating that P2X7R-mediated IL-1␤ release in salivary epithelial cells is dependent on physiological transmembrane Na ϩ and K ϩ gradients.
Inhibition of ROS production significantly reduces P2X7R-mediated IL-1␤ release in primary SMG epithelial cell aggregates
ROS are generated by all known inflammasome activators at times of inflammation and infection, where they play crucial roles in innate immune responses, including wound healing (46) , and act as antimicrobial agents (47) . ROS scavengers, e.g. N-acetyl cysteine (NAC), are known to block inflammasome activity, caspase-1 activation, and IL-1␤ release in immune cells (48) . To examine whether generation of cytosolic ROS is required for ATP-induced IL-1␤ maturation and subsequent release in salivary epithelial cells, primary SMG cell aggregates were pretreated with the ROS scavenger NAC (25 mM) and then stimulated with ATP (3 mM). NAC significantly inhibited P2X7R-mediated IL-1␤ release (Fig. 3C) . Because the mitochondria are one of the major sources of cellular ROS under stress conditions (49, 50) , the contribution of mitochondrial ROS to P2X7R-mediated IL-1␤ release was evaluated by pretreating primary SMG cell aggregates with the mitochondrialtargeted antioxidant Mito-TEMPO (1 mM), before stimulation with ATP (3 mM). Mito-TEMPO partially blocked ATP-induced IL-1␤ release, demonstrating that ROS generated in the mitochondria are partially required for P2X7R-mediated IL-1␤ release in mouse SMG epithelial cells (Fig. 3D) and that other sources of ROS (e.g. NADPH oxidase) contribute to inflammasome activation.
Functional HSP90 is required for P2X7R-mediated IL-1␤ release in primary SMG epithelial cell aggregates HSP90 is a molecular chaperone whose function is to maintain the proper folding of proteins required for their stability and activity, including proteins of the NLRP3 inflammasome (51, 52) . In monocytes, HSP90 is a member of the P2X7R multiprotein complex and is required for NLRP3 inflammasome activity (52) . To determine whether HSP90 contributes to P2X7R-mediated IL-1␤ release in salivary epithelial cells, primary SMG cell aggregates were pretreated with the HSP90 inhibitor geldanamycin (GA) (5 M), then stimulated with ATP (3 mM). GA abolished ATP-induced IL-1␤ release in salivary epithelial cells (Fig. 3E ), indicating that HSP90 is required for P2X7R-mediated IL-1␤ release. Furthermore, GA (5 M) pretreatment significantly reduced the endogenous expression of NLRP3 protein, suggesting that functional HSP90 contributes to inflammasome activity in salivary epithelial cells by maintaining the stability of the NLRP3 protein (Fig. 3F) .
In vivo administration of the P2X7R antagonist A438079 reduces salivary gland inflammation and improves saliva flow in the CD28
؊/؊ , IFN␥ ؊/؊ , NOD.H-2 h4 mouse model of salivary gland exocrinopathy P2X7R antagonists, including A438079, have been shown to reduce inflammation in a number of inflammatory diseases, including glomerulonephritis, pulmonary fibrosis, and rheumatoid arthritis (33, 34) . Hence, we sought to determine whether in vivo antagonism of the P2X7R in a mouse model of salivary gland exocrinopathy would reduce salivary gland inflammation. Recently, we showed that the CD28 Ϫ/Ϫ , IFN␥ Ϫ/Ϫ , NOD.H-2 h4 mouse exhibits extensive lymphocytic infiltrates in salivary glands that correlate with diminished saliva flow by 4 -6 months of age, as compared with the NOD.H-2 h4 mouse control (35) . Therefore, the P2X7R antagonist A438079 (34.2 mg/kg/day) or saline was injected intraperitoneally for 10 days in CD28
h4 mice. Histochemical analysis by hematoxylin and eosin (H&E) staining revealed a decrease in lymphocytic infiltrates in SMGs from
, NOD.H-2 h4 mice, as compared with saline-injected control mice (Fig. 4A ). This result was further confirmed by RT-PCR analysis, in which the expression of the pan-immune cell antigen CD45 was significantly reduced in response to A438079 treatment (Fig. 4B) , as compared with mice injected with saline alone.
Because ATP-induced inflammasome activation is responsible for the maturation and release of the leaderless proinflammatory cytokine IL-1␤ in mouse SMG cells (Figs. 1 and 2 mice, as compared with saline alone (Fig. 4C) . During inflammation, as in SS, salivary gland epithelial cells exhibit aberrant expression of immunoactive molecules (4, 53) that mediate innate immune responses and induce chronic inflammation known as "autoimmune epithelitis" (53) . These immunoactive molecules include costimulatory molecules (e.g. CD80 and CD86) (4) that are required for T-cell activation (54) and adhesion molecules (e.g. E-selectin, ICAM-1, and VCAM) that are required for immune cell homing (4). Using RT-PCR analysis, the expression of these molecules was assessed in whole SMGs isolated from CD28 Ϫ/Ϫ , IFN␥ , where *, p Ͻ 0.05 indicates a significant decrease from ATP-treated cells at 0 min. B, dispersed SMG cell aggregates from wild-type mice were stimulated with ATP (3 mM) for 90 min in the presence of the specified concentrations of NaCl, KCl, or choline chloride (n ϭ 4). C-E, dispersed SMG cell aggregates from wild-type mice also were cultured in presence or absence of (C) the ROS inhibitor NAC (25 mM), (D) the mitochondrial ROS inhibitor Mito-Tempo (1 mM), or (E) the HSP90 inhibitor geldanamycin (GA) (5 M) for 1 h and then stimulated with ATP (3 mM) for 90 min (n ϭ 3). Cells were collected by centrifugation, and IL-1␤ was quantified in the supernatant using the IL-1␤ Quantikine ELISA kit. Data represent means Ϯ S.E., where *, p Ͻ 0.05, **, p Ͻ 0.01, and ***, p Ͻ 0.001 indicate significant decreases from (B) ATP-treated cells in 145 mM Na ϩ or (C-E) ATP-treated only. F, upper panel, cell lysates from dispersed wild-type SMG cell aggregates were treated with or without GA (5 M) for 1 h and subjected to immunoblotting with anti-NLRP3 or anti-␤-tubulin antibodies. Images represent results from three independent experiments. Lower panel, quantification of NLRP3 expression in wild-type SMG cells (n ϭ 3). Data represent means Ϯ S.E., where *, p Ͻ 0.05 indicates a significant decrease in relative band intensity as compared with basal conditions.
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mice following treatment for 10 days with the P2X7R antagonist A438079 or saline alone. The results show that expression levels of the adhesion molecules E-selectin, ICAM-1, and VCAM (Fig. 4D ) and the costimulatory molecules CD80 and CD86 (Fig. 4E) were significantly reduced in CD28 Ϫ/Ϫ , IFN␥ Ϫ/Ϫ , NOD.H-2 h4 mice treated with A438079, as compared with saline alone.
Hyposalivation is associated with SS and although its cause is not fully understood, inflammation is likely a contributing factor (55) . Because the CD28 
Discussion
The lack of an understanding of inflammatory processes that predispose the salivary gland to degeneration and dysfunction 
Role of P2X7R in salivary gland inflammation
is a major obstacle hindering the development of effective therapies to prevent or reverse hyposalivation caused by Sjögren's syndrome or inadvertent radiation-induced damage from head and neck cancer treatments. Epithelial cells have emerged as active players in immune responses that underlie inflammation, in addition to their well-accepted role in the formation of a physical barrier to the outside environment in a wide variety of tissues. Inflammatory disorders of the epithelium in addition to SS include inflammatory bowel disease (56), primary biliary cirrhosis (57), pulmonary fibrosis (58), and psoriasis (59) . In these diseases, changes in the morphology and ionic and molecular permeabilities of the plasma membrane of epithelial cells initiate interactions with immune cells, resulting in tissue inflammation (5) . In SS, salivary epithelial cells participate in inflammatory responses by releasing proinflammatory cytokines and chemokines (5) and expressing immunoactive molecules that modulate early innate immune responses preceding hyposalivation or autoimmune exocrinopathy (4, 53) . Although there are multiple reports of inflammatory responses in immune cells that are associated with SS, very few studies have focused on salivary epithelial cells in the initiation of inflammatory disease despite the critical role played by the epithelium in homeostasis required for normal gland functions (60) . In this study, we show that P2X7R activation by eATP in freshly isolated primary mouse SMG epithelial cells increases the activity of the multiprotein NLRP3 inflammasome required for the subsequent release of the proinflammatory cytokine IL-1␤ ( Figs. 1  and 2 ). These data are consistent with reports that the P2X7R stimulates inflammasome activity in intestinal epithelial cells (61) and immune cells, e.g. monocytes and macrophages (38, 39) . Mechanisms have been proposed in immune cells to define how eATP enhances NLRP3 inflammasome activity, including by alteration of the ionic composition of the inflammasome's microenvironment through transmembrane Na ϩ influx and K ϩ efflux (42) (43) (44) . Besides eATP, other activators of the NLRP3 inflammasome in immune cells promote K ϩ efflux, including monosodium ureate, peptidoglycan, and silica, leading to the secretion of mature IL-1␤ (43) (44) (45) . It was reported that in neutrophils following Streptococcus pneumoniae infection of the cornea, a low intracellular [K ϩ ] enhanced P2X7R-mediated inflammasome activation and IL-1␤ maturation and release (36) . Also, pro-caspase-1 was not recruited to the inflammasome complex in monocytes in the presence of a high extracellular [K ϩ ] (43). However, media devoid of Na ϩ also impaired inflammasome activation in human monocytes (42, 44) . Here, we show that the H ϩ /K ϩ ionophore nigericin induced IL-1␤ release in SMG cell aggregates prepared from either wild-type or P2X7R Ϫ/Ϫ mice (Fig. 1) . Stimulation of the P2X7R with ATP for 10 or 30 min in wild-type salivary epithelial cells resulted in a significant reduction in the intracellular [K ϩ ] that did not occur with SMG cells from P2X7R Ϫ/Ϫ mice (Fig. 3A) . Moreover, P2X7R-mediated IL-1␤ release was diminished when cells were incubated in a high extracellular [K ϩ ] or in absence of extracellular Na ϩ (Fig. 3B) . These results suggest that disruption of the normal transmembrane Na ϩ and K ϩ gradients inhibits P2X7R-dependent NLRP3 inflammasome activation and the release of IL-1␤.
In addition to ionic dependence, the generation of ROS is a common response to various inflammasome activators, including ATP (48, 62) , and ROS have been shown to enhance inflammasome activity (43, 48) . Mitochondria are a major source of ROS, hence, abnormal mitochondria and uncontrolled ROS production are known to contribute to inflammatory diseases, including neurodegenerative diseases and sepsis (63, 64) . Mitochondrial ROS are generated by the electron transport chain in complex I and the Q cycle in complex III (65, 66) . Accumulation of mitochondrial ROS, as a consequence of mitochondrial dysfunction, is a trigger for the activation of the NLRP3 inflammasome in murine and human macrophages upon ATP or nigericin treatment, a response that was abolished in the presence of the mitochondrial-specific ROS scavenger MitoTempo (49, 67) . In bronchial epithelial cells, mitochondrial ROS induce the colocalization of NLRP3 and ASC inflammasome proteins in the mitochondria and are responsible for airway inflammation in bronchial asthma (68) . Consistent with these data, our results show that in salivary epithelial cells NAC or Mito-Tempo reduce P2X7R-mediated inflammasome activation indicated by a significant decrease in the ATP-induced release of mature IL-1␤ (Fig. 3, C and D) . The molecular chaperone HSP90 is also required for NLRP3 inflammasome stability in monocytes, because it prevents the degradation of the NLRP3 protein in the absence of inflammation (52), a homeostatic mechanism that likely prepares cells to respond to inflammasome activators, including ATP. We found that inhibition of HSP90 activity in mouse SMG epithelial cells abolishes P2X7R-mediated IL-1␤ release (Fig. 3E) and significantly reduces the endogenous levels of NLRP3 protein (Fig. 3F) , consistent with a role for this chaperone in inflammasome stability in salivary epithelium. Taken together, these findings demonstrate for the first time that P2X7R activation in salivary gland 
epithelial cells induces the assembly of an active NLRP3 inflammasome that regulates the maturation and release of the proinflammatory cytokine IL-1␤, a pathway that requires physological transmembrane Na ϩ and K ϩ gradients, the production of mitochondrial ROS, and the presence of a functional HSP90 protein.
P2X7R antagonists have been explored as inhibitors of inflammation in several mouse models of inflammatory diseases, including lung inflammation, nephritis, nociception and intracerebral hemorrhage (28 -31, 33, 61, 69) , and P2X7R antagonists have shown promise in phase I and phase II clinical trials for the treatment of inflammatory bowel syndrome, spinal cord injury, and rheumatoid arthritis (33, 34, 70) . In this study, the selective P2X7R antagonist A438079 was administered in vivo to CD28 Ϫ/Ϫ , IFN␥ Ϫ/Ϫ , NOD.H-2 h4 mice that we recently demonstrated develop extensive immune cell infiltrates of salivary glands and hyposalivation (35) . The results revealed that P2X7R antagonism dramatically reduced infiltration of CD45-expressing lymphocytes in the SMG of this mouse model of inflammation (Fig. 4, A and B) . In addition, A438079 reduced the expression of the proinflammatory cytokine IL-1␤ in SMG (Fig. 4C) . The role of IL-1␤ in promoting tissue inflammation and recruiting systemic immune cells is well-established in several inflammatory diseases, including myocardial infarction, gout, and rheumatoid arthritis (71) . Also, IL-1␤ is known to be up-regulated in salivary glands isolated from SS patients, as compared with normal controls (72) . IL-1␤ activates the NF-B transcription factor in cells, thereby inducing the expression of several proinflammatory genes, including cyclooxygenase-2 and inducible nitric oxide synthase (73) , which in turn increase the production of the proinflammatory factors prostaglandin E 2 and nitric oxide that are responsible for vasodilation and the recruitment of immune cells to sites of inflammation (73) (74) (75) . In addition, IL-1␤ enhances the expression of cell adhesion molecules, including ICAM-1 and VCAM, to promote immune cell homing to inflamed tissue (73) . Notably, our previous studies showed that IL-1␤ increases NF-B-dependent expression of the G protein-coupled P2Y 2 receptor (P2Y 2 R) (76, 77) , a member of the purinergic receptor family. The P2Y 2 R is upregulated in the epithelium of inflamed and/or damaged salivary glands (78 -82) and upon activation mediates integrin-dependent cell migration and enhances acinar formation (81) . Additional studies have shown that P2Y 2 Rs regulate localized immune responses, induce immune cell infiltration (83) , and up-regulate VCAM-1 expression (80). Thus, P2X7R and P2Y 2 R may partner together in the initiation of an inflammatory response and in epithelial tissue repair during inflammation. Nonetheless, the reduced expression of IL-1␤ seen in SMGs of CD28 Ϫ/Ϫ , IFN␥ Ϫ/Ϫ , NOD.H-2 h4 mice treated with the P2X7R antagonist A438079 (Fig. 4C) could explain, at least in part, the diminution of lymphocytic infiltrates in the SMGs of this mouse model of salivary gland inflammation upon A438079 administration (Fig. 4, A and B) .
Salivary glands of SS patients exhibit immune cell infiltrates, primarily comprised of B-and T-cells (55) , and increased expression of immunoactive proteins, including the costimulatory molecules CD80 and CD86 and the cell adhesion molecules VCAM, ICAM-1, and E-selectin (4). The increased expression of immunoactive proteins propagates inflammatory responses and enhances the interaction between immune and salivary epithelial cells. Here, we show that P2X7R antagonism in CD28
h4 mice induces a dramatic decrease in the expression of the adhesion molecules VCAM, ICAM-1, and E-selectin (Fig. 4D ) and the costimulatory molecules CD80 and CD86 (Fig. 4E) , suggesting that P2X7R antagonism could be used to prevent chronic inflammation that ultimately results in the loss of salivary gland function (1) .
Current treatments for hyposalivation, including muscarinic receptor agonists (1), do not address the underlying salivary gland inflammation, which is a well-appreciated factor in salivary gland dysfunction (55) , particularly in the autoimmune disease SS. In the NOD mouse model of SS, increased expression of proinflammatory cytokines has been shown to precede a decrease in saliva flow (84) . In addition, a recent proteomic analysis of saliva from SS patients demonstrated that hyposalivation is associated with increased expression and activity of the IL-1 family of proinflammatory cytokines (i.e. IL-1␤ and IL-18) (55) and adiponectin, a metabolic regulatory protein that promotes IL-1 cytokine interaction with downstream targets (85) . Some anti-inflammatory drugs, such as interferon-␣, have undergone clinical trials for treatment of salivary gland dysfunction (1) . Similarly, our results encourage attempts to use P2X7R antagonists to treat hyposalivation in humans, based on the ability of A438079 to enhance the saliva flow rate in the CD28
h4 mouse model of salivary gland inflammation (Fig. 5) .
In conclusion, we propose a role for the P2X7R in salivary gland inflammation, in which stimulation of the P2X7R with eATP in salivary epithelial cells induces the assembly and activation of the NLRP3 inflammasome and consequently the maturation and release of the proinflammatory cytokine IL-1␤. This process requires a transmembrane Na ϩ and/or K ϩ flux, mitochondrial ROS production, and a functional HSP90 protein (Fig. 6 ). In addition, P2X7R activation is associated with increased immune cell infiltration of the salivary gland that eventually results in tissue degeneration (Fig. 6) . Hence, this study suggests that P2X7R antagonism represents a novel therapeutic strategy to prevent chronic inflammation in human salivary gland inflammatory disorders.
Experimental procedures

Materials
DMEM and Ham's Nutrient Mixture F-12 (DMEM/F12) and penicillin-streptomycin 100ϫ solution were obtained from Life Technologies. All other reagents were purchased from SigmaAldrich, unless stated otherwise.
Mice
Male C57/BL6 (stock no. 000664) and P2X7R Ϫ/Ϫ (stock no. 005576) mice (6 -8 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, ME), whereas the P2X7R Ϫ/Ϫ mice (stock no. 005576) were originally donated by Pfizer Pharmaceuticals. The NOD.H-2 h4 and CD28 
Preparation of dispersed cell aggregates from mouse SMG
Dispersed SMG cell aggregates were prepared as previously described (19) . Briefly, mice were anesthetized with isoflurane in a chamber and euthanized by cervical dislocation. SMGs were isolated, minced, and incubated at 37°C in a shaking water bath for 1 h in dispersion media (1:1 DMEM/F12 containing 50 units/ml collagenase (Worthington Biochemical), 400 units/ml hyaluronidase, 1% (w/v) BSA, and 0.2 mM CaCl 2 ) in an atmosphere of 5% CO 2 and 95% O 2 . For further dispersion, the minced SMGs were passed through a 10 ml pipette after 20, 30, and 40 min of incubation. Finally, the dispersed cell aggregates were filtered through a nylon mesh and incubated for an additional hour at 37°C in 1:1 DMEM/F12 containing 100 units/ml penicillin and 100 g/ml streptomycin in an atmosphere of 5% CO 2 and 95% O 2 , before further use. For further SMG epithelial cell purification, the EasySep Mouse Epithelial Cell Enrichment Kit (STEMCELL Technologies, Cambridge, MA) was used according to the manufacturer's protocol.
IL-1␤ enzyme-linked immunosorbent assay
Dispersed SMG cells in fresh 1:1 DMEM/F12 containing 100 units/ml penicillin and 100 g/ml streptomycin were incubated with ATP (pH 7.4), nigericin (Tocris, Minneapolis, MN), A438079 (Tocris), Bay11-7082 (Tocris), MCC-950 (catalog no. AG-CR1-3615, AdipoGen Life Sciences, San Diego, CA), geldanamycin (Tocris, catalog no. 1368), or the ROS scavengers, N-acetyl cysteine (NAC) or Mito-TEMPO for the indicated time periods. Cell supernatants were collected and concentrated using Amicon Ultra-0.5 ml Centrifugal Filters. IL-1␤ was measured in the supernatant using the IL-1␤ Quantikine ELISA Kit (R&D Systems, Minneapolis, MN), according to the manufacturer's protocol. To measure the effect of ionic gradient alterations, dispersed SMG cells were incubated for 90 min with ATP (3 mM 
NLRP3 inflammasome immunoprecipitation
Dispersed SMG cells from wild-type or P2X7R
Ϫ/Ϫ mice were incubated with ATP (3 mM) for 15 min. The cells were then collected by centrifugation and incubated in T-PER lysis buffer (Thermo Fisher Scientific) with 1ϫ SIGMAFAST serine, cysteine, and metalloprotease inhibitors (2 mM AEBSF, 1 mM EDTA, 130 M bestatin, 14 M E-64, 1 M leupeptin, 0.3 M aprotinin). NLRP3 in SMG cell lysates (500 -1,000 g protein/ ml) was immunoprecipitated with protein A MagBeads (GenScript, Piscataway, NJ) precoated with anti-mouse NLRP3 antibody (1:200 dilution; Cryo-2) (catalog no. AG-20B-0014-C100, Adipogen) by incubation for 1 h at room temperature. Immunoprecipitated proteins were solubilized using 40 l of 1ϫ SDS sample buffer (62.5 mM Tris-HCl at pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 50 mM DL-DTT, and 0.01% (w/v) bromphenol blue) followed by heating at 95°C for 5 min. The samples were then subjected to SDS-PAGE on a 12% (w/v) gel (GenScript) and then transferred to nitrocellulose membranes for Western blot analysis.
Western blot analysis
Nitrocellulose membranes were blocked for 1 h with 5% (w/v) nonfat dry milk in TBS containing 0.1% (v/v) Tween 20 (TBST) and incubated overnight at 4°C with anti-mouse NLRP3 antibody (1:1,000 dilution in 5% (w/v) nonfat dry milk in TBST, Cryo-2) (catalog no. AG-20B-0014-C100, Adipogen), rabbit anti-mouse ASC antibody (1:1,000 dilution in 5% (w/v) nonfat dry milk in TBST) (catalog no. AG-25B-0006, Adipogen), rabbit anti-mouse pro-caspase-1 antibody (1:1,000 dilution in 5% (w/v) nonfat dry milk in TBST) (catalog no. ab108362, Abcam, Cambridge, MA) or mouse anti-mouse 
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␤-tubulin antibody (1:5,000 dilution in 5% (w/v) nonfat dry milk in TBST). Membranes were washed three times in TBST and incubated with horseradish peroxidase-conjugated goat antirabbit IgG or goat anti-mouse IgG antibody (1:1,000 dilution in 5% (w/v) nonfat dry milk in TBST) (Santa Cruz, Dallas, TX) at room temperature for 1 h. Then, blots were washed three times in TBST and incubated in enhanced chemiluminescence reagent (Thermo Fisher Scientific) for 1 min. Protein bands were detected on X-ray film and quantified using Image Studio Lite software (LI-COR Biosciences, Lincoln, NE).
Intracellular [K ؉ ] quantification
Dispersed SMG cells from wild-type or P2X7R Ϫ/Ϫ mice were incubated with ATP (3 mM) for 0, 10, or 30 min. Cells were then collected by centrifugation and extracted with 10% (v/v) ultrapure HNO 3 . Intracellular [K ϩ ] was then quantified using an ICP-OES (PerkinElmer, Optima 8000) at wavelength 769.9 nm using manganese as the internal standard.
Immunohistochemistry
Whole SMGs were isolated from CD28 
RT-PCR
Whole SMGs were excised, homogenized in TRIzol reagent (Life Technologies), and incubated for 5 min at room temperature, followed by incubation with chloroform (0.2 ml/ml TRIzol) for 5 min at room temperature. Following centrifugation at 12,000 g for 15 min at 4°C, the resulting aqueous phase containing RNA was collected and DNA-free RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA). cDNA was prepared from purified RNA using RNA to cDNA EcoDry Premix (Clontech, Mountain View, CA). TaqMan probes for CD45 (also known as protein tyrosine phosphatase receptor type C, a pan-immune cell marker), IL-1␤, CD80, CD86, ICAM-1, VCAM, and E-selectin were obtained from Applied Biosystems (Foster City, CA) and used for RT-PCR with an Applied Biosystems 7500 real-time PCR machine. The mRNA expression of target genes was normalized to 18S ribosomal RNA as an internal control and data were analyzed using Applied Biosystems software.
Saliva collection
Mice were anesthetized with tribromoethanol (Avertin) (0.75 mg/g mouse weight) and an endotracheal tube (PE50 polyethylene tubing) was inserted through a 2-cm midventral incision to prevent aspiration. Saliva secretion was induced by intraperitoneal injection of 0.25 mg/kg carbachol. Saliva was collected from the oral cavity for 15 min using a pipette tip and placed in a preweighed Eppendorf tube. Results are presented as microliters of saliva produced per 15 min.
Statistical analysis
The statistical analyses were performed using Student's t test on GraphPad Prism software where significant differences were considered to be p Ͻ 0.05. 
